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ABSTRACT
We present evidence that the peculiar interacting starburst galaxy NGC 2782 (Arp 215) harbors a
gas-rich nuclear stellar bar feeding an M82-class powerful central starburst, from a study based on high
resolution interferometric CO (J=1->0) data, optical BVR and Hα observations, along with available
NIR images, a 5 GHz radio continuum map, and archival HST images. Morphological and kinematic
data show that NGC 2782 harbors a clumpy, bar-like CO feature of radius ∼ 7.5′′ (1.3 kpc) which leads
a nuclear stellar bar of similar size. The nuclear bar-like CO feature is massive: it contains ∼ 2.5× 109
M⊙ of molecular gas, which makes up ∼ 8 % of the dynamical mass present within a 1.3 kpc radius.
Within the CO bar, emission peaks in two extended clumpy lobes which lie on opposite sides of the
nucleus, separated by ∼ 6′′ (1 kpc). Between the CO lobes, in the inner 200 pc radius, resides a powerful
central starburst which is forming stars at a rate of 3 to 6 M⊙ yr
−1. While circular motions dominate
the CO velocity field, the CO lobes show weak bar-like streaming motions on the leading side of the
nuclear stellar bar, suggestive of gas inflow. We estimate semi-analytically the gravitational torque from
the nuclear stellar bar on the gas, and suggest large gas inflow rates from the CO lobes into the central
starburst. These observations, which are amongst the first ones showing a nuclear stellar bar fuelling
molecular gas into an intense central starburst, are consistent with simulations and theory which suggest
that nuclear bars provide an efficient way of transporting gas closer to the galactic center to fuel central
activity. Furthermore, several massive clumps (107 - 108 M⊙) are present at low radii, and dynamical
friction might produce further gas inflow. We suggest that the nuclear bar-like molecular gas feature
and central activity will be very short-lived, likely disappearing within 5× 108 years.
Subject headings: galaxies: starburst — galaxies: ISM — galaxies: interactions — ISM: jets and
outflows — galaxies: evolution — galaxies: structure
1. INTRODUCTION
In order to drive gas from the outer disk to the nucleus
of a spiral galaxy, from scales of tens of kpc to tens of
pc, the angular momentum of the gas must be reduced by
around six orders of magnitude. It is now accepted that a
wide variety of phenomena involving torques and dissipa-
tion can drive gas from the outer disk into the circum-
nuclear (inner kpc) region. Non-axisymmetric features
(Simkin et al. 1980) such as isolated and induced primary
bars (Schwarz 1984; Noguchi 1988), as well as tidal inter-
actions and mergers (Negroponte & White 1983; Mihos &
Hernquist 1994) can be relevant. However, it is less clear
how gas can be driven from scales of kpc to tens of pc.
Shocks associated with the primary bar tend to weaken in
the inner part of the galaxy and cannot drive further in-
flow (Shlosman et al. 1989). Numerical simulations (e.g.,
Combes & Gerin 1985) and observations (e.g., Kenney et
al. 1992) show that gas often piles up in rings near inner
Lindblad resonances (ILRs). Some studies (e.g., Combes
& Gerin 1985) have suggested that gravity torques reverse
near ILRs, and thereby stall the transport of gas towards
the galactic center. In order to overcome this transport
barrier, theory (Shlosman et al. 1989) and simulations
(Friedli & Martinet 1993; Combes 1994; Heller & Shlos-
man 1994) have suggested that nuclear bars nested within
a primary bar (or ‘bars within bars’) can be efficient mech-
anisms for driving gas closer to the galactic center to fuel
central starbursts and AGNs.
From the observational standpoint, there is mounting
evidence from optical and NIR surveys that a large num-
ber of galaxies have nuclear stellar bars (Buta & Crocker
1993; Wozniak et al. 1995; Shaw et al. 1995; Elmegreen et
al. 1996; Friedli et al. 1996; Jungwiert et al. 1997), and a
significant fraction of these galaxies show nuclear activity.
However, to date, severely lacking are observations which
map the molecular gas in these systems, and show the nu-
clear stellar bar feeding the gas into a central starburst or
AGN. Such observations are highly desirable to constrain
formation scenarios and typical lifetimes of nuclear bars,
as well as to assess their relative importance with respect
to other fuelling mechanisms. The current work presents
evidence that the peculiar galaxy NGC 2782 (Arp 215)
harbors a massive bar-like molecular feature of radius 1.3
kpc and a similarly-sized nuclear stellar bar which appears
to be fuelling molecular gas into the inner 200 pc radius,
where resides a powerful central starburst, comparable in
intensity to the archetypal starburst M82. This study is
based on high resolution (2′′) interferometric Owens Val-
ley Radio Observatory (OVRO) CO (J=1->0) data, opti-
cal observations from the Wisconsin Indiana Yale NOAO
(WIYN) telescope, along with NIR images from Engel-
bracht, Rieke, & Rieke (1999), a 5 GHz radio continuum
(RC) map from Saikia et al. (1994), and archival opti-
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2cal HST images. This paper is organised as follows. § 2
outlines the previous work done on NGC 2782 and § 3
describes the new observations. § 4.1 presents evidence
for a nuclear stellar bar and a possible large-scale primary
stellar bar. § 4.2-4.4 present evidence for a nuclear bar-
like CO feature of similar size as the nuclear stellar bar,
and discuss its kinematics, inclination, and mass fraction.
§ 4.5 describes the central starburst and how it relates
to the nuclear bars. § 4.6 compares the CO bar in NGC
2782 to other systems which host circumnuclear bar-like
CO morphologies. § 4.7 discusses the evolution of the cir-
cumnuclear region. At what rate is gas being fuelled into
the central starburst? How long will the central activity
and nuclear bars last? In § 4.8, we compare NGC 2782
to theory and simulations in order to investigate how the
nuclear stellar and gas bars formed.
2. PROPERTIES OF NGC 2782 FROM PREVIOUS STUDIES
NGC 2782 (Arp 215), classified as peculiar SABa(rs)
(de Vaucouleurs et al. 1991, in RC3) or Sa(s) Pecu-
liar (Sandage & Tammann 1981), is highly suited for ad-
dressing numerous astrophysical questions: (a) It harbors
one of the most luminous circumnuclear starbursts among
nearby (D <40 Mpc) spirals (Devereux 1989). The star-
burst is comparable to the one in M82, with a FIR lu-
minosity of 2 × 1010 L⊙ (Smith 1991), and a central 10
micron luminosity of 1 × 109 L⊙ (Giuricin et al. 1994).
(b) NGC 2782 is both moderately inclined and nearby (D
= 34 Mpc for Ho of 75 km s
−1 Mpc −1), and therefore the
molecular gas can be resolved on scales of a few hundred
parsecs. This is an important advantage over many dis-
tant or highly inclined luminous interacting galaxies (e.g.,
Bryant & Scoville 1999; Evans et al. 1999; Yun et al.
1995) which have been previously mapped in CO. (c) The
large scale properties (see below) of NGC 2782 suggest it
is the product of an intermediate mass-ratio interaction or
merger. While minor and major interactions have been
widely targeted by both simulations (e.g., Hernquist &
Mihos 1995; Barnes & Hernquist 1996) and observations,
studies of intermediate mass-ratio interactions/mergers re-
main comparatively rare.
Large-scale HI and optical properties of NGC 2782:
NGC 2782 has a pair of prominent HI and optical tails
(Smith 1991; Sandage & Bedke 1994) which bracket an
optical disk that harbors three ripples. The eastern tail
has been detected in CO (Smith et al. 1999). The R-band
image in Fig. 1 (Plate 1) shows the optical disk and tails.
Except for the three ripples at radii of ∼ 25′′, 45′′, and
60′′, the optical disk is relatively undisturbed within a ra-
dius of 1 ′ (10 kpc). The optical disk can be fitted with
an exponential surface brightness profile between radii of
∼ 30′′ to 60′′ (e.g., Smith 1994). This shows the galaxy
is not as heavily disturbed as major mergers where vio-
lent relaxation leads to an r1/4 surface brightness profile
rather than an exponential one. On the other hand, the
presence of the two prominent large-scale HI tails suggests
that NGC 2782 is not a minor interaction/merger either.
In fact, the optical and HI properties have been modeled
by Smith (1994) with an interaction of two disk galaxies
which have an intermediate (1:4) mass ratio, and reached
closest approach ∼ 2×108 years ago. An alternative possi-
bility is that NGC 2782 is a merger of two disks of unequal
mass.
Circumnuclear properties of NGC 2782: Low resolution
Hα observations (Hodge & Kennicutt 1983; Smith 1994;
Evans et al. 1996) show an unresolved bright region of star
formation in the inner 8′′ (1.4 kpc) radius. This region has
optical emission spectra (Sakka et al. 1973; Balzano 1983;
Kinney et al. 1984) indicative of HII regions, as well as an
additional component of highly excited, highly ionised gas
which is part of a nuclear outflow (Kennicutt et al. 1989;
Boer et al. 1992). Jogee, Kenney, & Smith (1998) here-
after Paper I, used optical images, 5 GHz RC data and
X-ray data to resolved the inner few kpc into (i) a centrally
peaked region of star formation which is elongated east-
west with dimensions ∼ 1×1.7 kpc, (ii) a starburst-driven
outflow which forms a well-defined collimated bubble hav-
ing an extent of ∼ 1 kpc, and a closed shell at its edge,
as seen in Hα, [O III], and 5 GHz RC. While starburst-
driven outflows are common, such a remarkable bubble
morphology is relatively rare in other starburst galaxies of
comparable luminosity. We argued, based on the outflow
morphology and timescale of ∼ 4× 106 years (Boer et al.
1992), that this outflow is dynamically younger than bi-
conical, freely-expanding outflows seen in other starburst
galaxies of comparable IR luminosity (e.g., M82). We pre-
sented evidence that the outflow is driving hot and warm
ionised gas, and possibly cold molecular gas, out of the
central kpc of the galaxy.
3. OBSERVATIONS
3.1. CO observations
The central 65′′ of NGC 2782 was observed in the
CO (J=1->0) transition at 115.27 GHz with the OVRO
millimeter-wave interferometer (Padin et al. 1991) be-
tween February and May 1995. The array consists of six
10.4 m telescopes with primary half power beam width of
65′′ at 115 GHz . The galaxy was observed in two ar-
ray configurations with projected baselines ranging from
15 to 242 m. Data were obtained simultaneously with an
analog continuum correlator of bandwidth 1 GHz and a
digital spectrometer which is made of four independent
modules that each have 32 channels with a velocity reso-
lution of 10.4 km s−1. For our observations, the modules
were partially overlapping and covered a total bandwidth
of 460 MHz with 116 frequency channels. The passband
and flux calibration of the data were carried out using
the Owens Valley millimeter array software (Scoville et al.
1993). We corrected for temporal phase variation by ob-
serving the phase calibrator 0923+392 every 30 minutes.
We corrected for gain variation from one channel to the
next across the spectrometer band using spectra of the
bright quasars 3C273, 3C84, and 3C345. The absolute
flux scale was determined from observations of Uranus,
Neptune, and 3C273. We used the NRAO AIPS software
to Fourier transform the calibrated uv data and decon-
volve the channel maps with the ‘CLEAN’ algorithm as
implemented in the AIPS task ‘MX’. We made both uni-
formly weighted and naturally weighted channel maps. For
the uniformly weighted maps, the size of the synthesized
beam was 2.1′′ × 1.5′′ (355× 255 pc ), at a position angle
(PA) of -89.8 deg, the typical r.m.s. noise was 13 mJy per
beam, and the peak signal-to-noise was 7. For the nat-
urally weighted maps, the corresponding quantities were
32.6′′×2.0′′ (440×340 pc) at a PA of 89.7 deg, 10.5 mJy per
beam, and 12.5 respectively. The naturally weighted chan-
nel maps are shown in Fig. 2. We detect emission above
the 3 σ level in 35 channels which span velocities ranging
from 2365 to 2730 km s−1. The naturally weighted maps
detect a total flux of 195 Jy km s−1 from the central 40′′
(7 kpc) diameter. This corresponds to 73 % of the single
dish FCRAO flux within 45′′ (Young et al. 1995), and 1.7
times the flux detected in the uniformly weighted channel
maps. We combined the clean channels showing emission
to make moment 0, 1, and 2 maps, which represent the
total intensity, the intensity-weighted velocity field, and
the velocity dispersion field respectively.
3.2. Optical observations
We refer the reader to Paper I for the observations and
reduction of the optical BVR and Hα images taken on the
WIYN telescope. For the archival HST images, the orig-
inal observations were made on April 18, 1997 using the
Wide Field Planetary Camera 2 (WFPC2) with a scale
of 0.0455”/pix. Two exposures of 230 s were taken in
each of the broadband F555W and F814W filters, which
correspond approximately to the V and I bands respec-
tively. One 600 s exposure and two 1300 s exposures were
also taken in the narrowband FR680N filter. This filter
is a tunable linear ramp filter, whose central wavelength
varies with position across the chip. For these observa-
tions, the nucleus of NGC 2782 was placed in the PC chip
and the filter was rotated +15◦ from its nominal position
(the FR680P15 mode). With this orientation, the central
core of NGC 2782 was observed with an effective central
wavelength of 6623A˚ and a bandwidth of 86A˚. This band-
pass contains the redshifted Hα line and the 6584A˚ [N II]
line of NGC 2782. With this filter, the usable field of view
is ∼ 10′′ because of vignetting and cross-talk effects. The
images were cleaned of cosmic rays and multiple images in
each filter were summed.
4. RESULTS AND DISCUSSION
4.1. The nuclear stellar bar and large-scale oval
Figure 3a shows the I-band image (Smith 1994) with a
2′ (20 kpc) field of view. The very outermost isophotes
are relatively circular, and surround a weak oval feature
which has a position angle (PA) of ∼ 20 deg and a radius
∼ 25′′ (4.3 kpc). This oval feature is flanked by two rel-
atively straight dust lanes which are visible in the B and
B-V images (Figs. 7a & 7b, Plate 2). The locations of
the dust lanes are shown as solid lines in Fig. 3a. The
dust lanes appear to extend between radii of 8′′ to 25′′,
and are offset towards the leading edge of the large-scale
oval feature. The appearance of the dust lanes is similar
to the dust lane morphologies observed along the lead-
ing edges of primary stellar bars in many spiral galaxies
e.g., NGC 1300 (Sandage 1961), NGC 1365 (Teuben et al.
1986). Figure 3b shows the inner 1′ (10 kpc) diameter of
the K-band image from Engelbracht et al. (1999). The
uniformly-weighted CO map is superposed as greyscale,
and solid lines again mark the locations of the dust lanes.
Between the dust lanes, in the inner 7.5′′ (1.3 kpc) radius,
the K-band image shows a nuclear oval feature at a PA of
∼ 100 deg.
Is the large-scale oval feature of radius ∼ 4.3 kpc a pri-
mary bar, and the inner oval of radius ∼ 1.3 kpc a nuclear
stellar bar? We perform an isophotal analysis of the K-
band and I-band images to address this question. The
results are shown in Fig. 4, where diamonds and crosses
represent the K-band and I-band data respectively: (a)
The ellipticity profile of the K-band light shows an inner
ellipticity maximum (0.28) over which the PA maintains
an approximately constant value (100 deg). Beyond a ra-
dius of ∼ 7.5′′ (1.3 kpc), the ellipticity falls to a minimum
(e < 0.1 ) and the position angle changes abruptly from
100 deg to 0-10 deg. (b) Between radii of 8′′ to ∼ 25′′ (4.3
kpc), the ellipticity smoothly rises to 0.26 while the posi-
tion angle twists gradually to a PA of ∼ 20 deg. Further
out, given the low signal-to noise in the K-band image, we
use the I-band image, where the ellipticity falls from 0.26
to below 0.1 in the outer disk, at radii> 50′′ (8.5 kpc).
The relatively constant position angle (100 deg) of the
nuclear oval and its inner ellipticity maximum (0.28),
which is significantly higher than the outer disk’s ellip-
ticity (< 0.1), strongly suggest the existence of a nuclear
stellar bar of radius 7.5′′ (1.3 kpc). Previous NIR stud-
ies (Pompea & Rieke 1990; Forbes et al. 1992) hinted at
the existence of this nuclear stellar bar, but it was not as
evident because of lower sensitivity and resolution. As fur-
ther supporting evidence, we note that for a moderately
inclined galaxy like NGC 2782, the nuclear oval is unlikely
to be caused by projection artifacts which may sometimes
emulate a bar (e.g., Friedli et al. 1996; Jungwiert et al.
1997). In addition, the maximum ellipticity (0.28) of the
nuclear stellar oval is comparable to the mean maximum
ellipticity (0.31) found for the inner cores of other galaxies
considered to have nuclear stellar bars (e.g., Friedli et al.
1996). The presence of a nuclear stellar bar is also con-
sistent with the difference between the PA of the nuclear
stellar oval, and the PA of the line of nodes, as estimated
from the properties of the starburst-driven outflow. The
RC bubbles and the Hα bubble associated with the out-
flow (Paper I, also Fig. 3d) suggest a kinematic minor axis
of 165 deg, and for an outflow perpendicular to the disk,
this sets the line of nodes at ∼ 75 deg. The HST I and
V-band images (see § 4.5), more obscured by dust than
the K-band image, also reveal stellar and dust lane mor-
phologies consistent with the existence of a nuclear stellar
bar.
While the case for a nuclear stellar bar of radius 7.5′′
(1.3 kpc) seems firm, we cannot unambiguously determine
if the large-scale oval feature which shows a smooth rise in
ellipticity from a radius of 8′′ to 25′′ (4.3 kpc) is a primary
bar. On one hand, the relatively straight and prominent
dust lanes (described above) associated with the leading
edge of the large-scale oval are strongly reminiscent of pri-
mary stellar bars. On the other hand, we note that within
the large-scale oval, between radii of 8′′ to 25′′, the PA of
the I-band isophotes is not constant, but twists. A con-
stant position angle would have clinched the case for a
primary bar, but isophotal twist neither proves nor ex-
cludes the presence of a primary bar. In general, spiral
arms, dust lanes, a radius-dependent triaxiality associated
with a primary bar or/and a bulge, as well as intrinsically
misaligned isophotal surfaces not associated with a pri-
mary bar, may all produce isophotal twist (Wozniak et al.
1995; Jungwiert et al. 1997). In the case of NGC 2782, we
can exclude spiral arms or ripples as the cause of the ob-
4served isophotal twist, since such features are not present
between radii of 8′′ to 25′′ in the K-band or I-band image
(Figs. 3a-b). (The ripples in the I-band image exist only
further out, at radii of ∼ 25′′, 45′′, and 60′′). However,
since dust and other causes of isophotal twist cannot be
excluded, a firm case cannot be made for a primary stellar
bar. In summary, we hence conclude that NGC 2782 har-
bors a nuclear stellar bar of radius 7.5′′ (1.3 kpc), which
is nested within a large-scale oval of radius 25′′ (4.3 kpc),
which may be, but is not necessarily, a primary bar.
4.2. The circumnuclear CO morphology and kinematics
The previously published low resolution (6′′ or 1 kpc)
CO (J=1->0) Nobeyama Millimeter Array (NMA) map
(Ishizuki 1994) shows an elongated feature with two barely
resolved CO peaks in the inner 9′′ (1.5 kpc) radius, and
fainter emission further out. The data gave limited ad-
ditional information on the distribution and kinematics
of the gas in the inner few kpc. Our high resolution
(2.1′′ × 1.5′′ or 355 × 255 pc) OVRO CO (J=1->0) map
in Fig. 5a shows a bar-like CO feature of radius ∼ 7.5′′
(1.3 kpc), and resolves it into two extended, clumpy lobes
which lie on opposite sides of the nucleus, separated by ∼
6′′ (1 kpc). Between the two CO lobes, in the inner 200
pc radius, the starburst activity peaks sharply (Paper I &
§ 4.5). It is possible that the CO depression between the
lobes is the result of gas consumption by star formation
or/and gas blown out in the starburst-driven wind. The
bar-like CO feature has a similar size as the nuclear stellar
bar of radius 7.5′′ (1.3 kpc) and PA ∼ 100 deg identified
in § 4.1. The two CO lobes lie on the leading edges of
this nuclear stellar bar, assuming a clockwise sense of ro-
tation for the stellar bar. (This sense of rotation for the
stars stems from the assumption that they are rotating in
the same sense as the molecular gas, for which we infer a
clockwise sense of rotation from the kinematics). Gas on
the leading edges of a stellar bar is expected to lose angu-
lar momentum and be driven inwards, as a result of shocks
and gravitational torques exerted by the stars on the gas
(e.g., Schwarz 1984; Combes & Gerin 1985; Athanassoula
1992; Friedli & Martinet 1993; Byrd et al 1994; Piner et
al. 1995). It is thus possible that the nuclear stellar bar is
fuelling gas from the CO lobes into the central starburst.
The intensity-weighted CO velocity field shown in Fig.
5b provides further insight into the circumnuclear dynam-
ics. No significant sign of warping is seen : there is no
conspicuous distortion of the kinematic principal axes into
S-shapes over the inner 8′′ (1.4 kpc) radius , and the PA of
the CO kinematic minor axis (KMNA) is consistent with
PA (165 deg) of the minor axis suggested by the starburst-
driven RC and Hα outflow bubbles (Paper I & Fig. 3d).
Most of the isovelocity contours in the central 8′′ (1.4 kpc)
radius form a ‘spider-diagram’, suggesting that circular
motions are important. The CO velocity field, with red-
shifted velocities lying to the west of the kinematic center,
implies a clockwise sense of rotation for the circumnuclear
molecular gas if we assume the near side of the galactic
disk lies to the north. This orientation for the galactic
disk was inferred in Paper I from the morphology of the
starburst-driven outflow and the dust lanes (see also § 4.3).
The circumnuclear CO velocities are consistent with the
previously observed kinematics of the cores of HI (Smith
1994) and ionised (Boer et al. 1992) gas. However, su-
perposed on the predominantly circular velocity field, are
non-circular motions in several regions, particularly near
the CO lobes. The kinematic major axis (KMJA) is at
∼ 75 deg near the center, but it curves near the eastern
and western CO lobes. This suggests bar-like streaming
motions in the CO lobes.
The CO spatial velocity plot along the KMJA, shown
in Fig. 6a, probes the gas kinematics in more detail. The
spatial velocity plot has a width of ± 1′′ about the KMNA,
and the systemic velocity of 2550 km s−1 has been sub-
tracted from the velocities shown on the y-axis. On the
eastern side of the major axis, between 1′′ and 4′′, com-
plex kinematics and an apparent gap in the spatial-velocity
plot at a velocity of -50 km s−1 are seen . The features
marked as A1, A2, A3, and A4 in Fig. 6a delineate large
linewidths at the position of the western and main east-
ern CO peaks. Notice also that the observed velocities
increase rapidly between the center and A3, but the ‘rota-
tion curve’ become shallow as it goes through the western
CO peak. What is producing the complex kinematics in
the CO peaks? These kinematics may be the manifes-
tation of bar-like azimuthal streaming motions and radial
inflow motions which are expected in gas lying on the lead-
ing edges of a nuclear stellar bar. It is difficult to directly
identify a radial inflow component in the data because the
observed line of sight velocity is in general a combination
of several velocity components which cannot be easily dis-
entangled from each other: azimuthal in-plane motions,
vertical out-of-plane motions, and radial in-plane motions
(Eq. 8-60 in Mihalas & Binney 1981). In the case of NGC
2782, spatial velocity cuts which go through the CO peaks
are close to the KMJA, and hence are more sensitive to
azimuthal in-plane and vertical out-of-plane motions than
to radial in-plane motions.
We also point out that some molecular gas might be
outflowing from the starburst region. The CO intensity
map in Fig. 5a shows two CO spurs (labelled O1 and O2)
between the CO lobes. The CO isovelocity contours in
Fig. 5b show clear kinks at the base of these spurs, in-
dicating deviations from circular motions. Fig. 3d shows
that these spurs lie just north and south of the central
starburst region, and are elongated along the CO KMNA
(165 deg), within the two RC outflow bubbles. In Fig.
6b, the spatial-velocity plot along the KMNA shows that
gas velocities deviate from the systemic velocity (2555 km
s−1) by ∼ (+ 30 km s−1) in the northern spur, and by ∼
(- 30 km s−1) in the southern spur. With the near side
of the disk being north (Paper I & § 4.5), these velocities
are consistent with vertical out-of-plane motions or radial
in-plane motions. Although we cannot strictly distinguish
between the two possibilities, the location of the spurs with
respect to the central starburst and outflow bubbles, and
their elongation along the KMNA provide circumstantial
support for outflowing gas.
4.3. The inclination of the circumnuclear molecular gas
We need to estimate the inclination of the circumnuclear
molecular gas in order to subsequently constrain proper-
ties such as the molecular gas mass fraction and kinemat-
ics. We first note that the CO velocity field (Fig. 5b)
does not suggest any significant warping, and therefore it
is reasonable to assume that the circumnuclear molecular
gas lies in one plane. We infer that the inclination (ico) of
5this plane is ∼ 30 deg, from the following arguments: (i)
We can rule out an inclination close to edge-on because it
would imply that the large thickness of the observed bar-
like CO distribution corresponds to unrealistically large
scale heights (∼ 1 kpc) for molecular gas throughout the re-
gion between radii of 3′′ (510 pc) to 7.5′′ (1.3 kpc). While
one might conceivably justify large scale heights in the
central 2′′ (340 pc) radius where intense starburst activity
and winds prevail, it would be difficult to account for such
large scale heights out to a radius of 1.3 kpc. (ii) The
Tully Fisher relation for optical blue magnitudes requires
ico > 25 deg in order to ensure that the peak CO rotational
speed (165 km −1/sin ico) does not exceed the maximum
rotational speed of 400 km s−1 (Rubin et al. 1985) ob-
served in peculiar and normal galaxies which are optically
as bright or brighter than NGC 2782. We can also apply
the infrared Tully Fisher relation between the H magni-
tude (mH) and the peak rotational speed (Vmax), [mH = 2
- log Vmax] (Pierce & Tully 1988). Assuming mH = 10.1
(de Vaucouleurs & Longo 1988), and an uncertainty of 0.7
magnitude in the Tully Fisher relation, we find that ico is
(31 ± 6 deg). (iii) This moderate value of ∼ 30 deg we
estimated for ico is consistent with the inclination of dust
in the inner few kpc, as constrained by properties of the
starburst-driven outflow. The 5 GHz RC image shows kpc-
sized outflow bubbles both north and south of the nucleus,
while only the southern bubble is visible in the optical Hα
and [O III] images (see Paper I). This suggests that the
northern bubble is obscured by dust in the inner few kpc
of a moderately inclined disk whose near side lies to the
north (Jogee et al. 1998). (iv) Based on the relatively
undisturbed appearance of the outer disk (Fig. 1; Plate
1) within a radius of 1′ (10 kpc), one expects its inclina-
tion to be similar to ico. It is reassuring to note that the
outermost isophotes of the I-band image (Fig. 3a & 4)
do indeed suggest an inclination of ∼ 30 deg for the outer
disk.
How do the nuclear stellar bar and the bar-like CO
feature in the inner 7.5′′ (1.3 kpc) radius relate to the
large-scale features in NGC 2782? The naturally weighted
OVRO CO map is overlaid on the B-V image in Fig 7b.
(Plate 2). The bar-like CO feature of radius 7.5′′ (1.3 kpc)
contains 75 % of the total CO emission detected within
the central 20′′ (3.4 kpc) radius. Two faint CO streams
stem from the western and eastern ends of the CO bar
and extend out in a northeast and southwest direction.
The southern CO stream suggests a very loosely wound
spiral arm. In Fig 7b. (Plate 2), it is significant and
striking that the CO streams tend to lie along the two rel-
atively straight dust lanes in the B-V image. As described
in § 4.1, these dust lanes are offset towards the leading
edge of the large-scale stellar oval of radius 25′′ (4.3 kpc),
which might be a primary stellar bar. Prominent dust
lanes along the leading edges of a stellar bar trace the loci
of shocks which cause bar-driven gas inflow (e.g., Tubbs
1982; Schwarz 1984; Combes & Gerin 1985; Athanassoula
1992; Byrd et al 1994; Piner et al. 1995). It is therefore
likely that the CO streams represent the gas still inflowing
towards the CN region under the action of the large-scale
stellar oval.
4.4. How massive is the bar-like molecular feature?
The mass and dynamical mass fraction of the bar-like
CO feature are important for differentiating between sce-
narios for the formation of nuclear bars (§ 4.8), and for
predicting how the circumnuclear region will evolve (§ 4.7).
We estimate the mass of molecular hydrogen (MH2) from
the relation (Kenney & Young 1989; Scoville & Sanders
1987) :
MH2
(M⊙)
= 1.1× 104 ( χ
2.8× 1020 ) (D
2) (
∫
SCOdV ) (1)
where D is the distance in Mpc,
∫
SCOdV is the integrated
line flux in Jy km s−1, and χ is the CO-H2 conversion
factor (defined as the ratio of the beam-averaged column
density of hydrogen to the integrated CO brightness tem-
perature). Is the Milky Way value of 2.8× 1020 H2 cm−2
( K km s−1)−1 appropriate for χ in a circumnuclear star-
burst region, where molecular gas might not be in virial
equilibrium, and the gas temperature T and density ρ can
be significantly higher than in Milky Way clouds? Since
χ depends on
√
ρ/T (Scoville & Sanders 1987), one might
argue that the effects of elevated temperatures and den-
sities will partially offset each other. On the other hand,
multiple-line studies and radiative transfer models (Wall
& Jaffe 1990; Wild et al. 1992; Helfer & Blitz 1993; Aalto
et al. 1995) have suggested that χ is lower than the Milky
Way value by a factor of ∼ 3 in the centers of some star-
burst galaxies. Given the absence of multiple-line studies
in NGC 2782, we cannot determine if χ deviates signifi-
cantly from the Milky Way value, and we therefore choose
to express many results in this paper explicitly in terms of
χ1, where χ1 = (χ/2.8× 1020).
The hydrogen mass (MH2) in the central 20
′′ (3.4 kpc)
radius is ∼ (2.4×109 χ1) M⊙. The total mass of molecular
gas including the contribution of He is∼ (3.3×109 χ1) M⊙,
assuming a solar composition. About 75 % or (2.5 × 109
χ1) M⊙ of this gas lies in the bar-like CO feature of radius
7.5′′ (1.3 kpc). The bar-like molecular feature is therefore
quite massive if χ1 is not significantly less than 1. The
dynamical mass enclosed within the radius (∼ 7.5′′ or 1.3
kpc) of the nuclear stellar bar is (8 × 109/ sin2ico) M⊙.
This value is derived assuming a flat rotational speed of
(165 km s−1/sin ico) from the CO velocity field, where ico
is the inclination of the circumnuclear molecular gas. The
molecular gas (2.5×109 χ1 M⊙) therefore makes up (30 %
sin2ico χ1 ) of the dynamical mass. With ico ∼ 30 deg (§
4.3), the gas mass fraction is (7.5 χ1) % .
4.5. Circumnuclear star formation and dust morphologies
The Hα and [O III] observations presented in Paper I
show that star formation in the disk of NGC 2782 is con-
centrated in the bar-like CO feature of radius 7.5′′ (1.3
kpc) and along the ripple located at ∼ 25′′ (4.3 kpc). We
estimate the SFR in the CO bar from NIR data rather
than optical tracers in order to reduce extinction prob-
lems. Using the Brγ luminosity (1.6× 1010 L⊙; Puxley et
al. 1990) in the central 10′′ (1.7 kpc) radius , and assuming
a case B recombination with an electron density ne of 10
4
cm−3, a temperature of 104 K, and an extended Miller-
Scalo IMF (Kennicutt 1983), we derive a SFR of 5-6 M⊙
yr−1. An alternative estimate of the SFR can be obtained
6by assuming that the total FIR luminosity (2 × 1010 L⊙;
Smith 1991) originates predominantly from dust heated
by massive stars in the circumnuclear region. Applying
the method described by Hunter et al. (1986) then gives
a SFR of ∼ 4/β M⊙ yr−1, where β represents the ratio of
the FIR luminosity to the total bolometric luminosity of
the massive stars. For β between 0.5 and 1, the circum-
nuclear SFR lies between 4 to 8 M⊙ yr
−1. Star formation
is happening throughout the bar-like CO feature, but it
is mostly concentrated between the CO lobes in central
200 pc radius, as seen in both Hα and 5 GHz RC (Fig.
3d). This central starburst has a SFR of 3 to 6 M⊙ yr
−1,
comparable to the powerful archetypal starburst M82.
Fig. 8 shows the HST Hα+[N II] image with a 10′′ us-
able field of view. The HST image reveals a wealth of
details within features which were previously identified in
ground-based images. The southern outflow ‘bubble’ (Jo-
gee et al. 1998) is clearly resolved, while knots of HII
regions stand out in the arc of star formation which lies
north of the central starburst and extends approximately
east-west. The HST V-band (F555W) with a 35′′ (6 kpc)
field of view is shown in Fig. 9a. The uniformly weighted
(2.1′′ × 1.5′′ or 355 × 255 pc) CO map is superposed as
contours on the V image in Fig. 9b. Figs. 9a-b show the
northern arc of star formation and reveal conspicuous dust
lanes which stem from the western end of the arc and ex-
tend northeast out to a radius of 25′′ (4.3 kpc). These dust
lanes coincide with those seen in the ground-based B-V im-
age (Fig. 7a; Plate L2), offset towards the leading edge of
the large-scale stellar oval shown in Fig. 3a. Furthermore,
very striking in Fig. 9a but not evident in ground-based
images, are dust lanes running approximately east-west,
about 4′′ (680 pc) north of the nucleus. These nuclear
dust lanes, are offset in a leading sense with respect to the
nuclear CO and stellar bars, and could represent shocks
associated with these nuclear bars. The fact that these
dust lanes are conspicuous to the north of the nucleus,
but not to the south, supports our contention (Paper I)
that the northern side of the inner disk is the near side.
4.6. The nuclear CO bar in NGC 2782 compared to other
systems
While a stellar bar can be defined in terms of periodic
families of stellar orbits, there is no firm definition of what
constitutes a gas bar since gas, being collisional and dis-
sipative, does not follow closed periodic orbits, especially
crossing orbits. In the literature, gas distributions which
are observed to be elongated, double peaked, or double-
lobed have all been loosely called ‘gas bars’. It is therefore
important to characterise how the bar-like CO feature in
NGC 2782 differs from other bar-like circumnuclear CO
morphologies:
(i) Highly inclined systems: A high inclination as well
as low resolution CO data makes it ambiguous whether a
bar-like CO morphology is a molecular bar or a relatively
axisymmetric gas ring viewed edge-on. The nearly edge-on
minor mergers NGC 2146 and NGC 3079 are two typical
examples. CO observations of NGC 3079 at 4′′ (300 pc)
resolution (Irwin & Sofue 1992) show a centrally peaked
elongated component of radius ∼ 800 pc. In NGC 2146,
7′′ (700 pc) resolution CO observations show strong CO
emission from two lobes which lie ∼ 1 kpc apart (Jackson
& Ho 1988; Young et al. 1988). However, the double-
lobed CO morphology in NGC 2782 is unlikely to be the
result of a high inclination. The CO map in Fig. 5a is
not suggestive of a highly inclined ring, and we have al-
ready presented several arguments for a moderate inclina-
tion (30 deg) rather than an edge-on inclination in § 4.3.
Hence, NGC 2782 likely has an intrinsically bar-like, non-
axisymmetric gas distribution in the galactic plane.
(ii) Gas concentrations near ILRs in galaxies without a
nuclear stellar bar : A bar-like double-peaked CO mor-
phology in the moderately inclined galaxy NGC 6951 has
been interpreted as gas piling up near inner Lindblad res-
onances (Kenney et al. 1992). Several differences demar-
cate NGC 2782 from NGC 6951. While the star formation
in NGC 6951 peaks in a ring-like configuration near the
ILRs, the star formation in NGC 2782 peaks sharply in
the central 200 pc, interior to the two CO lobes. This sug-
gests that in the recent past of NGC 2782, gas must have
reached the central starburst in the inner 200 pc. There
is no published evidence for a nuclear stellar bar in NGC
6951, and the CO peaks lie near the turnover point of
the rotation curve. On the other hand, NGC 2782 hosts
a kpc-sized nuclear stellar bar, and the CO lobes lie on
the leading edges of this nuclear stellar bar, well inside
the turnover radius (∼ 6′′ or 1 kpc) of the rotation curve,
and show bar-like streaming motions (§ 4.2). This sug-
gests that while in NGC 6951 gas may be piling up near
ILRs, in NGC 2782 it may be experiencing further inflow
from the CO lobes into the central starburst, likely under
the action of the nuclear stellar bar. In fact, the forma-
tion of a nuclear stellar bar might be a way of converting
non-starbursts like NGC 3351 and NGC 6951 into cen-
trally concentrated starbursts like NGC 4102, NGC 4536,
NGC 3504, and NGC 470 (Jogee 1998; Jogee & Kenney
1998).
(iii) Other systems with potential nuclear gas bars: Nu-
clear stellar bars observed to date (Elmegreen et al. 1996;
Friedli et al. 1996; Jungwiert et al. 1997) have a radius
ranging from a few hundred pc to a kpc. High resolution
interferometric CO observations needed to identify any
bar-like molecular counterpart are not available in many
cases such as NGC 1097, NGC 5850, and NGC 3981. A
similar case is NGC 7552 where K-band and H2 S(1) 2.12
µm images (Schinnerer et al. 1997) show an oval feature
of radius ∼ 5′′ (500 pc). In other galaxies such as Maffei 2
(Hurt & Turner 1991) and IC342 (Ishizuki et al. 1990) CO
observations show elongated bar-like CO distributions in
the inner 500 pc radius, but there is no conclusive evidence
for a nuclear stellar bar.
In the case of M100 (NGC 4321), both high resolution
CO and NIR data exist, but differing model-dependent in-
terpretations have been proposed. NIR images of M100
(Knapen et al. 1995a) show a stellar oval of radius 4′′
(320 pc), offset by only 4 deg from a large-scale stellar
bar of radius 60” (5 kpc). CO maps (Rand 1995; Garcia-
Burillo et al. 1998) show two trailing molecular gas spiral
arms which extend from a gas concentration in the cen-
tral ∼ 1.5′′ (100 pc) radius. Numerical models of Garcia-
Burillo et al. (1998) suggest that M100 harbors a fast-
rotating nuclear stellar bar nested within a large-scale bar,
while models of Knapen et al. (1995b) suggest that a sin-
gle large-scale bar exists.
74.7. The evolution of the circumnuclear region
There exists few direct observational studies of how the
circumnuclear region evolves under the impact of a nuclear
stellar bar. We address this issue in NGC 2782 where we
have concurrent observations which reveal the distribution
of molecular gas and star formation in the region of the
nuclear stellar bar. We emphasise that given the complex-
ity of the interplay, the ensuing discussion should be taken
in a qualitative sense.
4.7.1. The gravitational torque exerted by the nuclear
stellar bar
The nuclear gas bar is offset towards the leading edge
of the nuclear stellar bar (§ 4.2) . We therefore expect the
gravitational torque exerted by the nuclear stellar bar on
the gas bar to remove angular momentum from the gas.
The net radial inflow rate cannot be directly measured
for several reasons. The galaxy is relatively face-on (i <
30 deg) and hence the line-of-sight velocities are not very
sensitive to in-plane azimuthal and radial velocities. Fur-
thermore, along a general position angle, the line-of-sight
velocity is made up of a combination of in-plane azimuthal
and radial motions, and out-of-plane vertical motions. It
is easiest to isolate the in-plane radial component along
the kinematic minor axis where the in-plane azimuthal
motions are negligible. However, the nuclear stellar bar
along which one might expect radial gas inflow is at a very
different PA (100-110 deg) from the kinematic minor axis
(165 deg). This orientation makes the direct observation
of the radial component difficult. We therefore adopt a
semi-empirical method where we try to estimate the torque
from the data, and hence derive the radial component of
the velocity at different positions.
In the ensuing discussion, we use unit position vectors
(er, eθ, ez) to describe the circumnuclear region of the
galaxy, and Φ to describe the stellar potential. The unit
vector ez is perpendicular to the plane of the nuclear stel-
lar bar, (er, eθ) are in the plane of the bar, and the angle
θ is measured w.r.t. the major axis of the nuclear stellar
bar. The torque per unit gas mass exerted by the nuclear
stellar bar on a gas element at a position (r, θ) is :
τ =
∂Φ
∂θ
ez − r ∂Φ
∂z
eθ (2)
Gas shocked on the leading edge of the nuclear stellar bar
loses angular momentum per unit gas mass (Lz) at the
rate :
dLz
dt
ez ≈ 2 r Ωs dr
dt
ez (3)
where Ωs is the pattern speed of the secondary bar. Since
d L /dt = τ , the radial velocity is given by,
dr
dt
≈ 1
2 r Ωs
dΦ
dθ
(4)
The expression we derived for the radial velocity dr/dt
in Eq. 4 is consistent with the one given by Quillen et al.
(1995). The term involving Φ in the above equation can be
evaluated in several ways. One method is to convolve the
K-band image to obtain the barred stellar potential (e.g.,
see Quillen et al. 1995). This method requires detailed
modeling and knowledge of the mass-to-light ratio in the
region of the stellar bar. In the circumnuclear starburst
region of NGC 2782, the mass-to-light ratio is uncertain.
We therefore adopt a different, albeit more simplistic ap-
proach. We approximate the potential of the nuclear stel-
lar bar with an analytic expression for a barred logarithmic
potential (Binney & Tremaine 1987):
Φ(r, θ) =
V 2o
2
ln [ R2c + r
2(cos2θ +
sin2θ
q2
) ] (5)
In the above expression, Rc is a core radius, q is the axial
ratio, and Vo is a circular speed. Using Eq. 4, the radial
velocity dr/dt is then :
dr
dt
≈ V
2
o r
4Ωs
sin2θ [
(1/q2 − 1)
R2c + r
2(cos2θ + sin2θ/q2)
] (6)
It is noteworthy that for radii r ≫ Rc, the radial velocity
is highly sensitive to the term (sin2θ/Ωsr). This depen-
dence correctly predicts that gas elements on the minor
axis of the nuclear stellar bar (where θ =90 deg, 270 deg),
will experience no net radial inflow. Furthermore, nuclear
gas bars which are offset by relatively large angles (e.g., 45
deg) with respect to the nuclear stellar bar major axis will
be rapidly driven inwards. This suggestion is consistent
with simulations (e.g., Friedli & Martinet 1993), where
the nuclear gas bar is observed to lead the nuclear stellar
bar only by a small angle of order 5 to 10 deg.
In order to estimate the radial velocity for NGC 2782,
the constants Ωs, Vo, and q must be evaluated. The pat-
tern speed (Ωs) of the nuclear stellar bar is estimated by
assuming that the corotation resonance of the nuclear stel-
lar bar is near the radius (∼ 8′′ or 1.4 kpc) of the ellipticity
minimum in Fig. 4. The condition [Ω = Ωs] , where Ω is
the angular speed, leads to Ωs ∼ (123 km s−1 kpc−1 /sin
ico). With ico ∼ 30 deg (§ 4.3), the nuclear bar pattern
speed is ∼ 245 km s−1 kpc−1, corresponding to a rotation
period of ∼ 3 × 107 years. In order to determine Vo, we
note that in the limit r≫ Rc and q=1, the potential Φ pro-
duces a flat rotation curve with speed Vo. For NGC 2782,
we assume that the turnover velocity of (165 km s−1/sin
ico) given by the CO kinematics (§ 4.2) is a good approx-
imation for Vo. With ico = 30 deg, Vo ∼ 330 km s−1.
We adopt an axial ratio q ∼ 0.85 since the ellipticity of
the nuclear stellar bar in the K-band light is 0.28, and the
stellar potential will have a lower ellipticity since it is a
convolution of the density profile. Near the bar end, at a
radius r ∼ 6′′ (1 kpc), gas elements located at θ ∼ 5-20
deg from the stellar bar in NGC 2782 have radial veloc-
ities of ∼ 15-45 km s−1. It is important to realise that
the local radial velocity (15-45 km s−1) is not necessar-
ily equal to the net radial mass inflow velocity. This is
because the net inflow rate depends on the radial inflow
velocity at all parts of the gas orbit, and not only when it
is on the leading edge of the bar. The true average mass
inflow velocity is probably lower. The bar-like CO feature
contains ∼ 2.5× 109 M⊙, with several clumps of mass 107
- 108 M⊙ within the inner kpc radius. With even a very
conservative average inflow velocity of 5 km s−1, for a gas
element of 107 M⊙, a mass inflow rate of 1 M⊙ yr
−1 is
easily achieved. This suggests that gravitational torques
from the nuclear stellar bar may produce large inflow rates
(> 1 M⊙ yr
−1) of the molecular gas.
84.7.2. Dynamical friction
Mechanisms other than gravity torques can also be im-
portant for driving gas inwards in NGC 2782. Dynamical
friction (whose timescale is ∝ r2) becomes increasingly im-
portant at smaller radii. A body of mass M which is mov-
ing at speed v at a radius r, can be driven to the center
by dynamical friction on a timescale (tdf ) ∝ (r2 v/M lnΛ),
where lnΛ is the Coulomb logarithm (Binney & Tremaine
1987). The molecular gas bar in NGC 2782 contains sev-
eral clumps which have sizes between 2′′-3′′, masses ∼ (107
- 108) M⊙ (for χ1 = 1), and are located within a radius
of 4′′ (700 pc). The dynamical mass within a radius of
4′′ is ∼ 7.5× 109 M⊙ (for ico = 30 deg), and significantly
exceeds the mass of molecular gas. Therefore, if the gas
clumps are self gravitating entities, they can experience a
significant drag due to dynamical friction from the stellar
background. For M ∼ 108 M⊙, r ∼ 700 pc, a rotational
speed v ∼ 220 km s−1 (derived from the CO velocity field
for ico = 30 deg), tdf ∼ 5×107 years. At smaller radii, the
dynamical friction timescale drops sharply. For a conser-
vative dynamical friction timescale of ∼ 5×107 years, and
a total gas mass in the form of clumps of ∼ (5× 108 M⊙),
the average gas inflow rate is ∼ 10 M⊙ yr−1. However,
this estimate should be taken with caution. The sizes of
the clumps (2′′ - 3′′) are comparable to the resolution (∼
2′′) of our CO observations, and it is therefore possible
that each clump is made up of several smaller, less mas-
sive sub-clumps that we cannot presently resolve. With
less massive clumps, the dynamical friction might only be-
come a rapid transport mechanism at smaller radii.
4.7.3. Circumnuclear Evolution
The short dynamical timescale of ∼ 4× 106 years (Boer
et al. 1992) for the starburst-driven outflow, and the col-
limated Hα bubble morphology with a closed shell at the
edge of the bubble (Jogee et al. 1998), suggest that the
outflow and starburst are probably less than 107 years old.
How long can the central starburst in the inner 200 pc ra-
dius be sustained? The SFR is ∼ 3-6 M⊙ yr−1 in the
central starburst, but is relatively low (1-2 M⊙ yr
−1) in
the CO lobes which contain most of the circumnuclear
molecular gas. Even in the limiting case where all of the
2.4× 109 M⊙ of molecular gas in the CO lobes is fed into
the central starburst, it can only be sustained for ∼ 5×108
years. In practice, the lifetime might be even shorter since
some of the gas in the lobes gets converted into stars before
reaching the starburst region, and part of the interstellar
medium might be blown out by the starburst-driven wind.
In Paper I, we estimated that the outflow contains ∼ 105
M⊙ of hot and warm ionised gas, and possibly ∼ 2 × 107
M⊙ of cold gas.
What about the nuclear stellar bar? Simulations show
that as a nuclear stellar bar drives gas into the inner few
hundred pc, it may be destroyed and even evolve into a tri-
axial bulge (e.g., Friedli & Martinet 1993). Any existing
large-scale primary stellar bar may be weakened or com-
pletely destroyed (Hasan & Norman 1990; Friedli & Benz
1995; Norman, Sellwood, & Hasan 1996). The destruction
of the stellar bars is caused by the development of chaotic
orbits and an increased mass concentration in the region of
x2 stellar orbits which are perpendicular to the bar. Typ-
ically, bar dissolution occurs if the mass concentration in
the central 200 pc radius is ≥ 1-2 % of the total stellar
mass in the disk. The nuclear stellar bar dissolves over a
few rotation periods, typically a few ×108 years (Friedli &
Martinet 1993; Combes 1994). In NGC 2782, for a stan-
dard CO-H2 conversion factor, the gas mass (2.5 × 109
M⊙) in the CO lobes is ∼ 1 % of the total stellar mass
in the optical disk of radius 1’ (10 kpc). Thus, if most of
this gas is driven into the inner 200 pc radius, the nuclear
stellar bar and the large-scale stellar oval can be rapidly
destroyed. Nuclear stellar bars are also expected to be
short-lived as a result of the rapid transfer of angular mo-
mentum from the bar to the galactic halo via dynamical
friction, on timescales of a few rotation periods (Weinberg
1985), or a few ×108 years.
4.8. Forming nuclear bars : Comparison with
simulations and data
Simulations have suggested different ways of forming nu-
clear stellar and gas bars. Some studies have focused on
gas-rich systems where the circumnuclear gas mass frac-
tion is between 20 to 50 % (Shlosman et al. 1989; Heller &
Shlosman 1994). Typically, a circumnuclear gas-rich disk
forms, it becomes bar-unstable, and the nuclear gas bar
rapidly fragments. However, nuclear stellar bars do not
form in these simulations. This characteristic is consistent
with the simulations and analytical work of Shlosman &
Noguchi (1993) who find that for a disk with a gas mass
fraction well above 10 %, the gas becomes clumpy, and
dynamical fraction between the gas clumps and the sea of
stars heats up the stellar disk over several rotation periods.
This results in a hot stellar disk which is stable against bar
instabilities.
More relevant for NGC 2782 might be the simulations of
Friedli & Martinet (1993) or Combes (1994), which pro-
duce nuclear stellar bars in moderately gas-rich circum-
nuclear regions. A nuclear stellar bar which is rotating
faster than the large-scale primary stellar bar can form if
the mass density contrast between the inner and outer re-
gions of the primary bar is large enough. Molecular gas is
critical for the decoupling : it helps to increase the central
mass concentration and it loses angular momentum to the
nuclear stellar bar, thereby helping it to maintain a large
pattern speed. The molecular gas distribution becomes
bar-like and this nuclear gas bar leads the nuclear stellar
bar by a small angle, and can make up ∼ 10 % of the dy-
namical mass. NGC 2782 has many properties consistent
with these simulations: it hosts a clumpy bar-like CO fea-
ture whose radius (7.5′′ or 1.3 kpc) is comparable to that
of the nuclear stellar bar; the CO peaks lie on the lead-
ing edges of the nuclear stellar bar and show weak bar-like
streaming motions; the molecular gas makes up ∼ 7.5 %
of the dynamical mass within a 7.5′′ (1.3 kpc) radius for a
standard CO-H2 conversion factor. However, one feature
not so evident in these simulations, but particularly strik-
ing in NGC 2782, is the clumpiness of the molecular gas
bar (Fig. 5a). If these clumps are self-gravitating entities,
then dynamical friction (§ 4.7.2) might be at least as im-
portant as gravitational torques in driving the gas towards
the center.
Simulations by Shaw et al. (1993) also produce a nuclear
stellar bar, but it is still coupled to the primary stellar bar.
In this scenario, a gas ring near the ILRs is phase-shifted
in a leading sense with respect to the large-scale primary
9stellar bar, and the gravitational perturbation of the gas on
the stellar orbits produces isophotal twists. The distorted
isophotes can give the appearance of a nuclear stellar bar
which always leads the primary bar. This contrasts with
the dynamically decoupled nuclear stellar bar and gaseous
bar which can lead the primary bar part of the time and
trail it at other times. In the case of NGC 2782, the nu-
clear stellar and gas bars are nested in a large-scale stellar
oval of radius 25′′ (4.3 kpc) which could be primary stellar
bar (§ 4.1). The clumpy nuclear gas bar with a PA be-
tween 70 to 85 deg, trails the large-scale stellar oval whose
PA lies between 20 to 30 deg. Hence, if the large-scale
stellar oval is a primary bar, then NGC 2782 supports the
scenarios to form decoupled nuclear bars.
However, the simulations discussed so far deal with iso-
lated galaxies where a spontaneously-induced primary bar
was the main way to drive gas from the outer disk to the
inner kpc. In the case of NGC 2782, which has experi-
enced a recent interaction or merger (Smith 1994), such
gas inflows can result from the interaction itself, namely
direct tidal torques (Hernquist & Mihos 1995), as well as
gravitational torques from tidally-induced large-scale stel-
lar bars (Noguchi 1988; Combes et al. 1990; Barnes &
Hernquist 1996). Once gas reaches the circumnuclear re-
gion, the formation of nuclear bars may ensue in a fashion
qualitatively similar to the scenarios for isolated galaxies.
Another alternative for interacting galaxies is that a nu-
clear stellar bar may form by the accretion of a rapidly
rotating gas-rich companion. In fact, decoupled nuclear
stellar disks/bars are quite common in HST images (Barth
et al. 1995), and in spectroscopic studies by Rubin at al.
(1997) who find that ∼ 20 % of a sample of 80 Virgo clus-
ter galaxies host a decoupled disk or ring within a 500 pc
radius.
We also suggest that NGC 2782 would not harbor a
nuclear stellar bar if it had undergone a major merger.
Violent relaxation, which operate in major mergers, tends
to eradicate non-axisymmetric structures and produce an
r1/4 stellar surface brightness profile. The large gas inflow
rates and large central gas concentrations typical of major
mergers can rapidly destroy primary and nuclear stellar
bars, as described in § 4.7.3. The large gas mass frac-
tion also leads to the formation of gas clumps which heat
the stellar component via dynamical friction, thereby mak-
ing it stable against bar formation (Shlosman & Noguchi
1993). For instance, the major merger NGC 7252 has an
r1/4 K-band profile (Schweizer 1982) and the molecular
gas mass fraction exceeds 30 % in the central kpc. In con-
trast, NGC 2782 has a molecular gas mass fraction of ∼
8 % in the inner kpc radius. It has properties inconsistent
with a major merger: its optical disk can be fitted with an
exponential surface brightness profile, rather than an r1/4
profile between radii of ∼ 30′′ to 60′′; its large-scale HI
properties have been modeled with an intermediate (1:4)
mass ratio interaction or merger by Smith (1994). Fur-
thermore, our R-band image overlaid on the HI map in
Fig. 10b shows that to the west, the stellar tail is shorter
than the 50 kpc long HI tail, while to the east the opposite
is true. This opposite offset in tails on different sides of
a galaxy is not observed in major mergers such as NGC
7552.
5. SUMMARY AND CONCLUSIONS
We have presented a study of the peculiar interacting
starburst galaxy NGC 2782 (Arp 215) based on high reso-
lution (2′′) interferometric OVRO CO (J=1->0) data, op-
tical BVR and Hα observations from the WIYN telescope,
along with available NIR images, a 5 GHz RC map, and
archival HST images. The optical and NIR data reveal a
nuclear stellar bar of radius ∼ 7.5′′ (1.3 kpc) nested within
a large-scale stellar oval of radius 25′′ (4.3 kpc), whose dust
lane morphology suggest it might be a large-scale stellar
bar. The CO maps show a clumpy, double-peaked bar-like
CO feature which is offset in a leading sense with respect
to the nuclear stellar bar, and has a similar radius (1.3
kpc). The CO bar contains 2.5×109 M⊙ of molecular gas,
assuming a standard CO-H2 conversion factor and solar
metallicity. The molecular gas makes up ∼ 8 % of the
total dynamical mass within the radius (1.3 kpc) of the
nuclear stellar bar. Within the CO bar, the CO emission
peaks away from the nucleus, in two clumpy lobes lying on
opposite sides of the nucleus, separated by ∼ 6′′ (1 kpc).
The molecular gas bar is forming stars at a rate of 4 to
8 M⊙ yr
−1. Most of the star formation is centrally con-
centrated between the two CO lobes, in the inner 200 pc
radius where the SFR is 3 to 6 M⊙ yr
−1. This intense
central activity, comparable to that in the prototpyical
starburst M82, suggests that molecular gas fuel must have
been recently present in the inner 200 pc radius. The two
CO lobes lie on the leading edges of the nuclear stellar bar
where gas is expected to lose angular momentum and flow
inwards as a result of gravitational torques. Furthermore,
while circular motions dominate the CO velocity field, the
CO lobes show weak bar-like streaming motions suggestive
of gas inflow. We estimate semi-analytically the gravita-
tional torque by the nuclear stellar bar on the gas in the
lobes, and our results suggest large gas inflow rates (> 1
M⊙ yr
−1).
While there is mounting evidence from NIR surveys that
many galaxies have nuclear stellar bars, the observations
presented here are amongst the first ones to catch a nuclear
stellar bar ‘red-handed’ in the act of feeding molecular gas
into an M82-class central starburst. These observations
are consistent with some theories and simulations which
suggest that nuclear bars provide a powerful way to drive
gas closer to the center to fuel a central starburst/AGN. In
addition, we note that several massive clumps (107 - 108
M⊙) are present in the inner 400 pc radius and dynami-
cal friction might produce further gas inflow. We suggest
that as a result of star formation and gas inflow, the cen-
tral activity, the nuclear gas bar, and perhaps even the
nuclear stellar bar, will be very short-lived and likely dis-
appear within 5 × 108 years. The short lifetime suggests
that nuclear bars can cause a rapid increase in central mass
concentration, trigger intense short-lived central activity,
and play an important part in circumnuclear evolution.
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(Plate 1)– The optical morphology: The WIYN R-band image of NGC 2782 with a 6.5′ (66 kpc) field of view
reveals an optical disk which is bracketed by two stellar tails. The eastern stellar plume extends to a radius of ∼ 2.7′ (27
kpc), while the fainter, diffuse western tail stretches out to ∼ 4′ (40 kpc). Except for three ripples at radii of 25′′, 45′′
and 60′′, the optical disk is relatively undisturbed within a radius of ∼ 1′ (10 kpc).
Fig. 2 – CO (J=1->0) channel maps: The naturally weighted channels show emission over Vlsr = 2364 to 2728
km s−1 . The velocity resolution is 10.4 km s−1. The contour levels are -5, -3, 3, 5, 8, 11 times the noise level (11 mJy
per beam). The sythesized beam is shown in the top panel. The cross marks the 5 GHz radio continuum peak.
Fig. 3 — The nuclear gas and stellar bars nested in a large-scale oval feature: (a) The I image with a 3′
(30 kpc) field of view shows a relatively circular optical disk which has a radius of ∼ 1′ (10 kpc). A weak oval feature of
radius 25′′ (4.3 kpc), at a position angle (PA) of ∼ 20 deg is present in the disk. It is flanked by two relatively straight
dust lanes which are visible in the B and B-V images (Figs. 7a & 7b, Plate L2). The locations of the dust lanes are shown
as solid lines here. The oval feature might be a weak primary stellar bar. (b) K contours (Engelbracht et al. 1997) on
high resolution (2.1′′ × 1.5′′) CO (greyscale) for a 1.5′ (15 kpc) field of view. The dust lanes are again shown as solid
lines. Within the large-scale oval of radius 25′′ (4.3 kpc), is nested a gas-rich nuclear stellar bar which has a PA of 100
deg and a radius of ∼ 7.5′′ (1.3 kpc). (c) K contours on CO greyscale for the central 20′′ (3.4 kpc) field of view only. The
nuclear CO bar has a similar extent as the nuclear stellar bar and leads it by a small angle. (d) 5 GHz RC (contours,
Saikia et al. 1994) on the high resolution CO (greyscale) for a central 20′′ (3.4 kpc) field of view. The molecular gas bar
is associated with star formation whose intensity peaks in the inner 200 pc of the bar. The northern and southern RC
bubbles are associated with the starburst outflow. The two CO spurs, labelled O1 and O2, lie inside the outflow bubbles
and are elongated along the CO kinematic axis.
Fig. 4 — Isophotal analysis of the K and I images: The radial profiles of surface brightness, ellipticity and
position angle of the azimuthally-averaged K and I light are shown. The profiles reveal a nuclear stellar bar which has a
maximum ellipticity of 0.28, a PA of ∼ 100 deg, and a radius of ∼ 7.5′′ (1.3 kpc). The ellipticity falls to a minimum at a
radius of 8′′, and then smoothly rises to ∼ 0.26 at a radius of ∼ 25′′, while the position angle twists gradually from a PA
of 0 deg to ∼ 20 deg. It is possible, but not certain, that the second smooth rise in ellipticity is indicative of a large-scale
primary stellar bar. Further out, the signal-to noise in the K-band image is very low and the I-band image is used. In
this image, the ellipticity appears to fall again and it reaches values below 0.1 in the outer disk at radii beyond 50′′ (8.5
kpc).
Fig. 5 — The CO intensity and velocity fields: (a) Uniformly weighted (2.1′′ × 1.5′′) CO total intensity map
of the central 20′′ (3.4 kpc). Most of the circumnuclear CO in NGC 2782 lies within a radius of 8′′ (1.4 kpc), and has a
bar-like distribution. The CO emission peaks in two extended clumpy lobes which lie on opposite sides of the nucleus,
separated by ∼ 1 kpc. The CO bar leads the nuclear stellar bar whose PA is marked. The two faint CO spurs, labelled
O1 and O2, are elongated along the kinematic minor axis. The contour levels are 5, 10, 20,...100 % of the peak flux. The
cross marks the 5 GHz RC peak. (b) Uniformly weighted (2.1′′ × 1.5′′) CO velocity field (moment 1, contours) on the
CO total intensity map. Although the gas in the central 8′′ (1.4 kpc) has predominantly circular motions, there are weak
bar-like streaming motions in the CO lobes, and non-circular motions in the two CO spurs.
Fig. 6 — The CO kinematics: (a) The spatial velocity plot along the major axis (75 deg) with a width of ± 1.0′′.
The systemic velocity of 2555 km s−1 has been subtracted from velocities on the y-axis. Complex kinematics indicative
of non-circular motions are present 1′′ to 4′′ along the eastern and western sides of the major axis. The complex gas
kinematics are associated with the western and eastern CO peaks. The features marked as A1, A2, A3, and A4 delineate
the large linewidths and complex kinematics at the position of these peaks. Contour levels are 20, 25, 30, 40, 50, 60, 70,
80, 90, 100 % of the peak flux (73 mJy per beam). The cross in Figs. 6a-b marks the same position as in Figure 5 at (09
10 53.65, +40 19 15.3), where the systemic velocity is 2555 km s−1. (b) The spatial velocity plot along the CO kinematic
minor axis with a width of ± 0.5′′. We can see weakly emitting gas whose velocities deviate from the systemic velocity
by ∼ 50 km s−1 near O1, and by -30 to -50 km s−1 near O2. This indicates non-circular motions resulting from vertical
outflow out of the disk plane or/and radial gas inflow in the disk plane. Contour levels are 2.5, 3, 3.5, 4, 4.5, 5, 6, 7 times
the noise level (11 mJy per beam).
Fig. 7 (Plate 2) — The CO distribution in relation to the dust lanes: (a) The WIYN B image with a
1.6′ (16.3 kpc) field of view shows two dust lanes which are offset from the nucleus and extend out to a radius of ∼ 25′′
(4.3 kpc). The two dust lanes are relatively straight and parallel to each other. Their appearance is similar to the dust
lanes observed along the leading edges of bars in many spiral galaxies. (b) Naturally weighted (2.6′′× 2.0′′) CO intensity
(moment 0, contours) map on the WIYN B-V image (greyscale) for a 1.6′ (16.3 kpc) field of view. The contour levels are
10, 20, ...100 % of the of the peak flux (12.46 Jy km s−1 per beam). Notice that the dust lanes bracket the CO bar, and
the two CO peaks lie at 30-40 deg, rather than 90 deg, to the dust lanes. Further out, fainter streams of CO emission lie
along the dust lanes. The southern CO stream suggests a loosely wound trailing spiral arm.
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Fig. 8 — The HST Hα+[N II] image with a 7′′ (1.2 kpc) field of view shows the central starburst, highlights knots of HII
regions in the northern arc of star formation running approximately east-west, and resolves the southern starburst-driven
outflow ‘bubble’ (Jogee et al. 1998).
Fig. 9 (a) Top: HST V-band (F555W) image with a 35′′ (6 kpc) field of view. (b) Bottom: The uniformly weighted
(2.1′′ × 1.5′′ or 355 × 255 pc) OVRO CO map superposed on the HST V image. These images show the northern arc
of star formation running approximately east-west in the inner kpc radius, and a set of dust lanes extending northeast
beyond a radius of 20′′ (3.4 kpc). These dust lanes coincide with those seen in the ground-based B-V image and are offset
towards the leading edge of the large-scale stellar oval. About 4′′ (680 pc) north of the nucleus, another set of striking
dust lanes run approximately east-west, and are offset in a leading sense with respect to the nuclear bar-like CO feature.
Fig.10 — Comparison of the HI and stellar distributions: (a) The HI map (Smith 1994) of NGC 2782 with a
6.8′ (69 kpc) field of view reveals a blueshifted western tail, a redshifted eastern tail, and an HI disk. Levels plotted are
10, 20,....,100 % of the peak flux of 0.34 Jy km s−1 per beam. The western tail is 5′ (50 kpc) long and contains 40 % of
the total HI mass of the galaxy. (b) Contours of the smoothed R image on the HI map. The eastern might be stellar
plume extending beyond the 2′ (20 kpc) long eastern HI tail. In contrast, the western diffuse stellar tail seems shorter
than the western HI tail by ∼ 1′ (10 kpc). The cross marks the 5 GHz RC peak.
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